Abstract-Experimentally obtained estimates of threedimensional (3D) velocity vectors using the 3D Transverse Oscillation (TO) method are presented. The method employs a 2D transducer and synthesizes two double-oscillating fields in receive to obtain the axial, transverse, and elevation velocity components simultaneously. Experimental data are acquired using the ultrasound research scanner SARUS. The double-oscillating TO fields are investigated in an experimental scanning tank setup. The results demonstrate that the created fields only oscillate in the axial plus either the transverse or the elevation direction. Velocity measurements are conducted in an experimental flow-rig with steady flow in two different directions (mainly in x or y direction). Velocity estimates are obtained along the z axis. All three velocity components (vx, vy, vz) are measured with relative biases and standard deviations (normalized to expected value) below 5% and 12%, respectively. For an expected velocity magnitude of 25.2 cm/s, the method estimates 24.4±3.1 cm/s and 25.1±1.9 cm/s for the two directions. Under similar conditions, Field II simulations yield 25.1±1.5 cm/s and 25.4±1.6 cm/s. The experimental results validate the results obtained through simulations and verify that the 3D TO method estimates the full 3D velocity vectors simultaneously as well as the correct velocity magnitudes.
I. INTRODUCTION
Ultrasonic velocity estimation has come far since the first measurements were conducted [1] . Yet, the conventional methods in commercial scanners estimate the axial velocity component only. This is the case despite the fact that studies have shown that the velocity vectors have components in all three spatial dimensions and vary as a function of time and space [2] , [3] , [4] . Several ultrasound methods have been proposed for measuring three-dimensional (3D) velocities over the past decades. These includes cross-beam methods [5] , [6] , [7] , speckle [8] or feature tracking methods [9] , transverse Doppler methods using the spectral broadening effect [10] , [11] , decorrelation based techniques [12] ,cross-correlation of beams [13] , [14] , [15] , or particle imaging velocimetry [16] , [17] , [18] . However, the various techniques have individual limitations such as limited field of view, high computational demands, or the need for contrast agents.
The authors have suggested an approach for estimating 3D velocity vectors by means of two transverse oscillating fields, spatial quadrature sampling, and the use of a 2D phased array transducer [19] , [20] . Simulation results demonstrated that the 3D Transverse Oscillation (TO) method has the ability to estimate 3D velocity vectors. This paper presents experimentally obtained 3D vector velocities measured in a flow-rig system using the 3D TO method to validate the previously reported findings. This is attained by measuring the transverse oscillating fields and by measuring 3D velocity profiles through an artificial vessel in a flow-rig system using an experimental research scanner and a 2D matrix array. To underline the validity of the previously reported simulation results, the experimentally obtained measurement results are compared with results from simulations.
To achieve the objective, the paper briefly refers to the 3D TO method in the next section and describes the materials and methods used in Section III. Section IV presents the measured and simulated TO fields and the corresponding spectra, and Section V presents the measured and simulated 3D velocities. The conclusion is stated in Section VI.
II. THE 3D TRANSVERSE OSCILLATION METHOD
The 3D TO method [20] employs a Transverse Oscillation approach as suggested by Jensen and Munk [21] , where Anderson [22] proposed a similar method. The 3D TO method estimates the two transverse velocity components based on two pairs of double-oscillating fields and spatial quadrature sampling by employing a 2D matrix array transducer. The TO fields are designed so they only oscillate in the axial and one of the two transverse directions (x or y). Thereby the velocity estimation is decoupled into the velocity components v x , v y , and v z [19] .
The three estimated velocity components are estimated simultaneously by 5:1 parallel beamforming in receive of four TO lines and a center line for axial velocity estimation. The two sets of pairwise TO lines are beamformed with a distance of a quarter spatial wavelength. The spatial wavelengths are determined as the mean transverse wavelength,λ x , and the mean elevation wavelength,λ y , based on the TO spectra [21] , [23] . After the beamforming, the velocity estimation utilizes the estimator suggested by Jensen [24] . The velocity estimation is the same for v x and v y . The axial velocity component is calculated using a conventional autocorrelation estimator with RF averaging [25] .
III. MATERIALS AND METHODS
The 3D TO method requires a 2D transducer. The internal radius is 6 mm, and the length is long enough to ensure fully developed laminar flow, which has a parabolic flow profile. A transducer fixation device can be lowered into the tank at adjustable beam-to-flow angles.
are stacked together separated by an inactive row of elements, hence, the element layout of the transducer differs in the x and the y direction. At a sampling frequency of 70 MHz, data from all the 1024 active elements are acquired simultaneously through the 1024 channels on the synthetic aperture real-time ultrasound system (SARUS) [26] . Data are stored for offline processing. The scanning tank system for pulse-echo measurements, the flow-rig system for velocity measurements, and the flow phantom setup are illustrated in Figs. 1-3, respectively. Simulations, which mimic the measurements, were performed using the ultrasound simulation program Field II [27] , [28] in order to compare the measurement results with simulated results. This is performed because the physical transducer differs slightly in layout compared with the previously reported simulation results [19] .
In transmit, Hanning windowed 8-cycle pulses at the center frequency were emitted with a 2D Hamming apodization. In receive, the aperture was modulated in either the x or y direction with two 8-element wide rectangular TO peaks. The individual channel data sampled with SARUS or obtained through the simulations were matched filtered with the timereversed excitation pulse prior to the beamforming stage. The beamforming was performed using the Beamformation Toolbox 3 [29] . Clutter filtering is performed by subtracting the mean of the 32 emissions in an ensemble.
IV. THE TRANSVERSE OSCILLATION FIELDS
Pulse-echo measurements were performed in the scanning tank. The hydrophone was used as a point source and the transmit-receive pulse-echo field was sampled at various positions in the field. For these measurements, plane waves were emitted. To obtain the TO fields, the temporal IQ data are obtained by use of the Hilbert transform on the time-sampled signals. Then the signals from the left and right beams are combined to create the complex TO fields [23] .
The TO method depends on creating two pairs of doubleoscillating fields. For the first pair, the oscillations should be in the axial and the transverse direction, but not in the elevation direction. Conversely for the second pair, the oscillations should be in the axial and the elevation direction, but not in the transverse direction. Fig. 6 shows the pulse-echo measurements of the TO fields for a specific time instance in the sampled signals. The point target was positioned at a depth of 30 mm. Fig. 6A is for the left and the right beam in the ZX plane when sampling along the x direction. Ideally, the right beam should overlap with the Hilbert transform of the left beam for the spatial IQ modulation to work perfectly. The same should be the case in Fig. 6D , where the samples from the two TO beams in the ZY plane were obtained sampling along the y direction. Oppositely, in Fig. 6B and 6C , the left and right beam should be in phase, because in those two cases, the TO fields were sampled in the non-oscillating direction.
The measured fields exhibit the expected trends, and they can be compared with the simulated results shown in Fig. 5 . The behaviour of the simulated results is more ideal, and reflects the fact, that the simulation environment is free of the system noise and the phase errors present in the measurements. Additionally, any potential misalignment in the measurements, do not occur in the simulations. Yet, the simulated as well as the measured TO fields demonstrate, that the spatial IQ approach has worked, and that the TO fields oscillate only in either the transverse or the elevation direction.
Calculating the mean transverse and elevation wavelengths based on the measured TO spectra [23] and λ y are a result of the geometrical differences in the x and y direction. As potential misalignment, phase errors in the transducer, and system noise affect the measured TO fields. The simulatedλ x andλ y are used in the beamforming and the velocity estimation of the flow data.
V. 3D VECTOR VELOCITY ESTIMATION
The results from the velocity estimation based on the experimental flow-rig measurements and flow phantom simulations are presented and discussed in the following. The flow measurements and the simulations were conducted with two different flow directions in regard to the transducer. In one case, the beam-to-flow angles in the ZX plane, φ zx , and the ZY plane, φ zx , were 80
• and 0 • , respectively. In the other case, φ zx was 0
• and φ zy was 80
• . The former case is illustrated in Fig. 3 .
The velocity components v x , v y , and v z were estimated using the 3D TO method and 50 velocity profiles were obtained based on 1600 emissions acquired at a rate of 600 Hz. The mean ± the range of one standard deviation of the 50 profiles are shown in Figs. 6 and 7 . The left panels in Figs. 6 and 7 are for the flow direction expectedly confined to the ZX plane, and the right panels for the flow direction in the ZY plane. The SNR was approximately 7-10 dB for the measurements, and a corresponding level of noise was added to the simulations, which were performed with the same parameter settings as the measurements. In all the two times six graphs in Figs. 6 and 7, the mean of the estimated velocity components follows the expected profiles and almost no bias is present. The magnitude of the standard deviations from the measurements compared with the simulations are also comparable.
A more quantitative comparison is performed by investigating the mean velocities, the expected velocities, and the bias at the center of the vessel as presented in Table I and Table II for the measured and the simulated data, respectively. The results show that the standard deviations are comparable ranging from 1.5 cm/s to 3.3 cm/s. In the measurements, the relative standard deviation normalized to the peak velocity magnitude ranges from 8 % to 12 %. In the simulations, it ranges from 6 to 13 %. Similarly, the biases from measurements and simulations are of the same size and fluctuates around 0. The largest bias is less than 5 %. This demonstrates that using the mean spatial wavelengths obtained from simulations in the beamforming and the velocity estimation instead of the theoretically derived wavelengths eliminates the bias otherwise present.
With estimates of all three velocity components, it is possible to obtain the true velocity magnitude. The results for the center of the vessel are listed in Table III . The performance is comparable for simulations and measurements, and the relative standard deviation is less than 13 %, whereas almost no bias is present.
The results demonstrate that even with system noise, phase errors, and other transducer inaccuracies, the standard deviation of the velocity estimates is not much higher compared with the simulations where the added noise was white zeromean Gaussian noise. Additionally, it is expected that the performance will be improved in a commercial implementation, where systems usually suffer less from noise and the transducer manufacturing process is more streamlined.
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TABLE I EXPERIMENTAL RESULTS:
The mean-v-of the 3D velocity vector at the center of the vessel at 30 mm, the expected velocity vector-vexp-, and the resulting bias-Bv-for the two cases with the flow direction confined in the ZX plane or the ZY plane, respectively. 
TABLE II SIMULATED RESULTS:
VI. CONCLUSION
The presented TO fields demonstrate that the spatial IQ pairs in the transverse and elevation direction are generated as required. Three-dimensional velocity estimates are obtained through experimental measurements and simulations of steady flow. The velocity profiles of v x , v y , and v z follow the expected profiles with a bias at the center ranging from -0.6 to 1 cm/s. Hence, using the simulated mean spatial wavelengths instead of the theoretically derived wavelengths in the beamforming and velocity estimation stages practically eliminates the bias otherwise present. The relative standard deviations were smaller than 13 % for flow directions almost parallel to the transducer surface. With the same parameters and under similar conditions, the measurements and the simulations yield comparable results. Thereby, the validity of the simulation results presented here and previously reported has been verified, and it can be concluded that the 3D Transverse Oscillation method estimates the 3D velocity vector.
All three spatial components of the velocity are estimated simultaneous, and hence the true velocity can be obtained independent of transducer orientation or flow direction. Since the three velocity components can be obtained instantaneously, it becomes possible to measure and visualize complex flow patterns as for instance seen in the carotid artery bifurcation without employing ECG gating as used in MRI.
